ABSTRACT: NMR spectroscopy was used to characterize the dynamic behavior of His149 in Bacillus circulans xylanase (BCX) and its interaction with an internal water molecule. Rate constants for the specific acid-and base-catalyzed exchange following bimolecular kinetics (EX 2 ) of the nitrogen-bonded H 2 of this buried, neutral histidine were determined. At pD min 7.0 and 30°C, the lifetime for this proton is 9.9 h, corresponding to a protection factor of ∼10 7 relative to that predicted for an exposed histidine. The apparent activation energies measured for specific acid and base catalysis (7.0 and 17.4 kcal/mol) indicate that exchange occurs via local structural fluctuations. Consistent with its buried environment, the N 2 -H bond vector of His149 shows restricted mobility, as evidenced by an order parameter S 2 ) 0.83 determined from 15 N relaxation measurements. The crystal structure of BCX reveals that a conserved, buried water hydrogen-bonds to the H 2 of His149. Strong support for this interaction in solution is provided by the observation of a negative nuclear Overhauser effect (NOE) and positive rotating-frame Overhauser effect (ROE) between His149 H 2 and a water molecule with the same chemical shift as the bulk solvent. However, the chemical shift of H 2 (12.2 ppm) and a D/H fractionation factor close to unity (0.89 ( 0.02) indicate that this is not a so-called low-barrier hydrogen bond. Lower and upper bounds on the lifetime of the internal water are estimated to be 10 -8 and 10 -3 s. Therefore the chemical exchange of solvent protons with those of His149 H 2 and the diffusion or physical exchange of the internal water to which the histidine is hydrogen-bonded differ in rate by over 7 orders of magnitude.
The native structure of a protein is stabilized under physiological conditions by a delicate balance of entropic, hydrophobic, electrostatic, hydrogen-bonding, and van der Waals interactions. On an individual basis these interactions are comparable to thermal energies, and thus transient structural fluctuations, up to and including global unfolding, are constantly occurring in any ensemble of protein molecules. Understanding the contributions of this inherent flexibility toward the structure, stability, and functions of these molecules remains an important experimental and theoretical challenge. The dynamic behavior of proteins is amenable to study by a wide array of techniques, including nuclear magnetic resonance (NMR) 1 spectroscopy and hydrogen exchange (HX). While HX studies have typically focused on the slowly exchanging main-chain amides in proteins, other labile groups can also provide structural and dynamic information. The side chains of histidine residues are one such example. Normally the nitrogen-bonded H δ1 and H 2 of the imidazole ring exchange with the solvent too rapidly to be detected by standard NMR methods. However, when their exchange is slowed by burial within the core of a protein and/or by hydrogen bonding, measurement of their proton exchange rates can provide useful information about the local and global fluctuations that these macromolecules undergo.
Bacillus circulans xylanase (BCX) has emerged as a model -glucanase with numerous potential applications in the food and pulp and paper industries. The enzyme has been characterized extensively in terms of its structure, stability, and enzymology (2-7). As part of these studies, we noted that BCX contains a buried histidine, His149, with its imidazole ring positioned by a complex network of hydrogen bonds involving the side chain of Ser130 and an internal water molecule, 2 as well as an aromatic-aromatic interaction with Tyr105 (Figure 1 ; 5). These residues are absolutely conserved in other members of the homologous, low molecular weight family G or 11 xylanases (10, 11) . Furthermore, the bound water has been observed in all five members of this family for which crystallographic coordinates have been deposited in the Brookhaven Protein Data Bank 3 (3, 5, (12) (13) (14) . Combined with the observation that mutation of His149 increases the susceptibility of BCX to irreversible thermal inactivation (15) , this indicates that these conserved residues and the bound water molecule play an important role in stabilizing the structure of family G xylanases.
Previously, we have characterized the two histidines in BCX using NMR spectroscopy (15) . Whereas the exposed His156 has a relatively unperturbed pK a of ∼6.5, the buried His149 remains in the neutral N 2 H tautomeric form under all conditions examined. On the basis of the invariance of its 15 N and 1 H chemical shifts with decreasing pH at 30°C, the pK a of His149 was found to be <2. 3 . BCX unfolds at low pH, and thus His149 is never protonated significantly within the context of the native protein. Furthermore, the nitrogen-bonded H 2 of His149, detected at a chemical shift of 12.2 ppm, was found to exchange with D 2 O with a lifetime of ∼7 h at pD 7.44 and 30°C. This significant protection from solvent exchange must result from the inaccessibility of the imidazole ring and/or its hydrogen-bonding interactions.
To probe the structural and dynamic environment of this distinctive histidine residue and its interactions with a bound water molecule, we have extended these studies along three major avenues. First, we have characterized in detail the pH and temperature dependence of the hydrogen-deuterium exchange of His149 H 2 , as well as the exchange of two protected tyrosine hydroxyls with unusually downfieldshifted H η resonances. Second, we have used 15 N NMR relaxation measurements to study the motions of the imidazole ring of this residue. And third, we have investigated the bound water to which His149 is hydrogen-bonded using NOE and chemical shift measurements. Taken together, these studies demonstrate that His149 is held rigidly within the core of BCX and that its H 2 undergoes specific acidand base-catalyzed EX 2 exchange with the solvent at a rate that is ∼10 7 times slower than predicted for an exposed, neutral histidine. This H-D exchange is significantly slower than the physical exchange of bulk water with the buried water molecule to which His149 is hydrogen-bonded.
MATERIALS AND METHODS
Protein Preparation. Samples of 13 C/ 15 N-labeled, 15 Nlabeled, and unlabeled xylanase were expressed in Escherichia coli strain 594 and purified by ion-exchange and sizeexclusion chromatography, as described previously (16, 17) . Upon reexamination of the NMR spectra of these proteins, it was discovered that the 13 C/ 15 N-labeled sample contained two mutations: Ser134 to Thr and Thr147 to Ser. The latter of these corresponds to that found in the homologous Bacillus subtilis xylanase (16) , while the former substitution was introduced accidentally during subcloning of the gene encoding this xylanase. The two residues are located on the surface of the protein and the substitutions do not change its structure or enzymatic activity (3, 5) . NMR spectra of the wild-type and mutant forms of the enzyme are essentially identical, including resonances from His149 (G.P.C. and L.P.M., unpublished results). For simplicity, these proteins will hereafter be referred to as BCX. All HX experiments and the D/H fractionation factor measurements were performed on the wild-type xylanase, while 15 N relaxation and studies of the bound water interactions were carried out using both the 13 NMR Spectroscopy. NMR spectra were recorded with a Varian Unity spectrometer operating at 500 MHz for proton and equipped with a pulsed-field gradient 1 H/ 13 C/ 15 N probe. Data were processed using Felix v2.30 software (Biosym Inc., San Diego, CA), and assignments were taken from Plesniak et al. (15, 17) .
Hydrogen Exchange. Hydrogen exchange measurements were performed on unlabeled BCX under various conditions of pH, temperature, and buffer concentration. Aliquots (600 µL) of protein in 100% H 2 O buffer were passed through 3 mL spin columns containing G-25 medium Sephadex. The gel beads were swollen overnight in 99.9% D 2 O buffer at the desired pD. Each H 2 O sample was titrated close to its target pH with microliter amounts of HCl or NaOH before being loaded onto the exchange column. Samples were spun at 6000 rpm for 2 min in a benchtop swinging-bucket centrifuge, immediately loaded into NMR tubes, and allowed to equilibrate in the magnet for ∼5 min prior to data acquisition. Unless stated otherwise, samples were 0.9 mM protein in 15 mM sodium acetate-d 3 , 15 mM sodium phosphate, and 0.02% sodium azide. Each NMR data set for a given pD consisted of a time series of 1D spectra, individually acquired with 8-64 transients of 2K complex points over a spectral width of 10 kHz. Exchange was always followed to at least 90% completion, after which the pD of the sample was measured at room temperature. The small temperature dependencies of the pK a s of the buffers were not taken into account. The exchange rate k ex was determined by fitting the height (I t ) of the H 2 peak versus time to the expression I t ) I 0 exp(-k ex t) + I ∞ , using KaleidaGraph (Synergy Software, Reading, PA). I ∞ accounts for the effect of residual HOD (∼5%). Errors in k ex are estimated to be 5%, except at the highest and lowest pH*s, for which the errors are 10%. Exchange rates were measured in the same manner for the two tyrosine hydroxyl H η protons with chemical shifts at 11.6 and 12.7 ppm. 15 (18, 20) . These data were used to determine k R and k N , the rate constants for magnetization exchange between the H 2 proton of His149 and water protons during the ROE and NOE mixing periods, respectively.
Chemical (23) . Aliquots (60 µL) of a 4 mM stock solution of BCX in 100% H 2 O were added to 600 µL of buffer solutions ranging from 10 to 100% D 2 O. All samples were pH* 7.0 and contained 25 mM potassium phosphate. To ensure that the equilibrium ratio of D versus H was achieved, the samples were incubated for at least 3 exchange lifetimes at 30°C. NMR spectra were recorded as 1024 transients of 2K complex points with a spectral width of 10 kHz. Normalized peak heights I (x) were plotted versus mole fraction of H 2 O (x) and fit to the equation
, where K f is the D/H fractionation factor (23) . The extrapolated intensity of the H 2 proton signal in 100% H 2 O was determined by reiteratively fitting the data to this expression.
RESULTS

Hydrogen-Deuterium Exchange of His149 H 2 .
The hydrogen-to-deuterium exchange rate of the H 2 of His149 was measured at 30°C over a range of pD values from 4.60 to 9.50. Representative spectra can be found in Figure 6 of Plesniak et al. (15) . A plot of the log k ex versus pD has a V or chevron shape, indicative of both specific acid-and basecatalyzed exchange (Figure 2a) . At the pD min ) 7.0, the observed exchange rate k ex is 2.8 × 10 -5 s -1 , corresponding to a lifetime of 9.9 h. To obtain rate constants for catalysis by specific acid (k A ), specific base (k B ), and water (k W ), these data were fit to where the D 2 O dissociation constant K D ) 14.7 at 30°C (26, 27) . The rate constants k A , k B , and k W were determined to be 77 M -1 s -1 , 470 M -1 s -1 , and 1.1 × 10 -5 s -1 , respectively, with fitting errors of ∼10% for each rate constant. The data were also fit while the slopes of the acid and base limbs of the curve in Figure 2a were allowed to vary. The dependence of log k ex upon pD and pOD remained close to first-order {d (log k ex )/d pD ) 0.96 and d (log k ex )/d pOD ) 0.89} and the rate constants k A and k B were within a factor of 3 of the above stated values.
The hydrogen-to-deuterium exchange of His149 H 2 was also monitored as a function of temperature over the range 10-40°C, at both acidic (5.44) and basic (8.60 ) pD values relative to the pD min . In Figure 2b the data are plotted as log k ex versus 1/T. The slope of each line was used to calculate the apparent activation energies of exchange by specific acid (7.0 kcal mol
) and specific base catalysis (17.4 kcal mol -1) . The temperature dependence of K D was neglected in this analysis, and thus the latter value also includes the enthalpy of ionization of D 2 O (∼14 kcal mol -1 ;
28).
General acid catalysis by acetic acid was investigated with samples of BCX at pD 5.10 and 30°C. The total ionic strength of each sample was held constant at 150 mM with the appropriate quantity of KCl, while the acetic acid concentrations studied were 5, 50, and 150 mM. The measured k ex values were within 10% of 9.3 × 10 -4 s -1 for all three samples, showing that the additional acetic acid had no effect on the exchange rate of His149 H 2 . A small salt effect is seen, however, as the exchange rates of this proton in samples with ionic strengths of 0.5 and 0.15 M were 2-and 1.2-fold faster, respectively, than in 15 mM sodium acetate-d 3 and 15 mM sodium phosphate at pD 5.1. Under these acidic conditions, BCX carries a net positive charge as its theoretical pI is ∼9.1. The small increase in exchange rate with increasing ionic strength is likely due to more effective screening of the overall electrostatic potential of the protein by the solvent counterions, thus allowing the positively charged exchange catalyst D + easier access to His149 (29) .
15 N Relaxation Measurements. The dynamic behavior of the side chain of His149 was investigated using 1 H-detected 15 N NOE is 0.67 ( 0.01. When analyzed using the model-free formalism of Lipari and Szabo (30), as described by Farrow et al. (18) , these relaxation data correspond to a generalized order parameter S 2 of 0.83 and a chemical shift exchange broadening term, R ex , of 2 s -1 . A correlation time of 9.2 ns for the global tumbling of BCX and a contribution due to the CSA for the imidazole nitrogen of 182 ppm were explicitly included in the analysis. The correlation time was determined by a similar investigation of the 15 N relaxation rates FIGURE 1: Environment of His149 in the crystal structure of BCX (5). His149 is hydrogen-bonded (dotted line) to the O γ H of Ser130 via its N δ1 and to an internal water molecule via its N 2 H. This water (W200 of the PDB file 1XNB) also interacts with the side chains of Ser100, Asp101, and Tyr105. Due to its buried, hydrogenbonded environment, the labile H 2 of His149 exchanges with the solvent at a rate, ∼10 7 -fold slower than that predicted for an exposed imidazole ring. This figure was generated using the program SETOR (9) .
of the main-chain amides in the identical protein sample (17) . The CSA term was calculated from the traceless chemical shift tensor elements reported for the anionic N 2 H tautomer of crystalline histidine (31), using expressions for T 1 and T 2 given in Farrow et al. (18) . In the case of histidine, the chemical shift tensor is not axially symmetric; therefore all three tensor elements were included in the CSA term explicitly. 4 The order parameter S 2 of 0.83 is comparable to those measured for the main-chain amide nitrogens of BCX (G.P.C. and L.P.M., unpublished results). This indicates that the mobility of the imidazole ring of His149 is restricted on the picosecond to nanosecond time scale due to numerous hydrogen-bonding and van der Waals interactions with surrounding residues in the interior of BCX ( Figure  1; 5) . The additional R ex term may reflect motions on the microsecond to millisecond time scale, such as conformational averaging, that result in 15 N line-broadening. Although it is tempting to speculate that the additional exchange term arises from the exchange of the water to which His149 is hydrogen-bonded, this has not been rigorously explored.
Interactions with a Bound Water and/or Serine Hydroxyl. Inspection of the crystallographic structure of BCX reveals that the H 2 of His149 is hydrogen-bonded to a buried water molecule, with an O to H 2 separation of only 1.8 Å ( Figure  1 ). In support of this interaction, a cross-peak was observed between His149 H 2 and a proton(s) with the chemical shift of bulk water (∼4.7 ppm) in the 2D NOESY spectrum of BCX recorded at pH* 5.8 and 30°C with a gradient 11-echo detection sequence ( Figure 5 of ref 15) . Given that the lifetime of His149 H 2 is 3.5 h under these conditions, this cross-peak cannot arise due to direct chemical exchange with water. Therefore the cross-peak was attributed to NOEmediated transfer of magnetization from the bound water and/or the hydroxyl of the nearby Ser100 (O γ to H 2 separation of 3.5 Å). The positive sign of the cross-peak relative to the diagonal corresponds to a negative NOE, indicative of dipolar cross relaxation occurring in the slowmotion regime. We further investigated this using two experimental approaches.
First, we noted that the proton(s) exhibiting the NOESY cross-peak to His149 H 2 has a chemical shift identical with that of bulk water (15) . To exclude the possibility that this NOE arises due to a protein proton with a chemical shift coincidentally near 4.7 ppm, NOESY spectra were recorded for BCX in the presence of increasing concentrations of CoCl 2 . As discussed by Wüthrich and co-workers, the paramagnetic Co 2+ causes the resonance of bulk water to broaden and move downfield in chemical shift (22) . The NOESY cross-peak to His149 H 2 exhibits identical behavior to the bulk water, broadening and moving to 5.0 ppm in the presence of 30 mM CoCl 2 . This demonstrates that the crosspeak arises from either a proton(s) of the internal water that is in fast exchange on the chemical shift time scale with those of bulk water or the hydroxyl proton of Ser100 that undergoes fast exchange with the aqueous solvent. The upper limit for the bound lifetime of the water or hydroxyl proton(s) is therefore on the order of 10 -3 s (22). Second, the elegant method of Grzesiek and Bax (19) was employed to confirm quantitatively that the NOESY crosspeak arises from a dipolar interaction with a water and/or hydroxyl proton and to exclude further the possibility that the NOE is from a carbon-bonded H R or H proton in BCX with a chemical shift near 4.7 ppm. This method involves selective excitation of the water resonance, with concomitant purging of the signal from any 13 C-bonded proton, followed by NOESY-and ROESY-type transfer of magnetization to 15 N-bonded protons for detection with a HSQC-based pulse 4 Expressions used for T1 and T2 are those given in Farrow et al. (18) , with the term (σ|| -σ⊥) 2 From these data, the pseudo-first-order rate constants for exchange of magnetization during the ROE and NOE transfers were determined to be k N ) 5.3 s -1 and k R ) -8.7 s -1 , respectively. In the macromolecular or slow-motion limit, pure dipolar cross-relaxation (NOE interaction) will yield a ratio k R /k N of -2, whereas exclusive chemical exchange is characterized by k R /k N equal to 1. The measured ratio k R /k N of ∼-1.6 confirms that the observed NOESY cross-peak to His149 H 2 arises from a NOE-mediated transfer of magnetization from a proton of the bound water molecule and/ or from the hydroxyl of Ser100. Furthermore, the observation of a negative NOE and positive ROE places a lower limit on the lifetime of the water or hydroxyl proton near the overall rotational correlation time of BCX (8.4 ns). Combined with the requirement for fast exchange on the chemical shift time scale, we conclude that the residence time of the bound water proton or Ser100 hydroxyl proton lies between approximately 10 -8 and 10 -3 s. The Grzesiek and Bax (19) experiment was also repeated immediately after transfer of 15 N-labeled BCX from H 2 O to D 2 O buffer at pH* 6.5. Whereas the intensity of the signal of His149 H 2 remained essentially constant, the NOE and ROE interactions with water were completely absent in the first spectra recorded ∼8 min after transfer (data not shown). This proves further that the observed NOESY cross-peak to the H 2 of His149 arises from an exchangeable proton and not a carbon-bonded H R or H with a chemical shift near that of water. Additionally, these experiments demonstrate that the lifetimes of protons from the bound water and/or the hydroxyl of Ser100 in D 2 O buffer are significantly shorter than that of the His149 H 2 .
D/H Fractionation Factor. The D/H fractionation factor for the imidazole ring of His149 was determined by measuring the relative intensity of the H 2 signal as a function of solvent D 2 O/H 2 O ratio, according to the procedure of Loh and Markley (23) . The N 2 of His149 was found to exhibit a slight preference for hydrogen, having a fractionation factor of 0.89 ( 0.02 (data not shown).
Tyrosine Hydrogen-Deuterium Exchange. In addition to the peak from His149 H 2 , two unusually downfield resonances are detected at 11.6 and 12.7 ppm in the 1 H NMR spectrum of BCX (15) . These remain as singlets when the protein is 13 C-and 15 N-labeled and thus must arise from protons bonded to O or S atoms. On the basis of their distinct chemical shifts, combined with cross-peaks from the aromatic region of a 2D NOESY spectrum ( Figure 5 of ref  15) , we tentatively identify these signals as arising from tyrosine H η hydroxyl protons. Oxygen-bonded tyrosine protons are rarely detected in the 1 H NMR spectra of proteins (32) (33) (34) (35) , and thus these hydroxyls must be protected from rapid exchange with water due to hydrogen-bonding and/or limited solvent accessibility. Although the resonances from the aromatic rings of the 18 tyrosines in BCX have not been assigned, the most likely candidates are Tyr26, 53, 79, and 105. The hydroxyl groups of these phenyl rings are completely buried within the protein and each participates in at least two possible hydrogen-bonding interactions (5) .
Hydrogen exchange kinetics of these two putative tyrosine H η hydroxyl protons were investigated at pD 7.44 and 30°C
. The proton at 11.6 ppm is sufficiently protected that it could be detected after transfer of BCX into D 2 O buffer. The measured exchange rate was 0.002 s -1 , corresponding to a lifetime of 8 min. In contrast, the proton signal at 12.7 ppm disappeared completely within the time period between solvent transfer and acquisition of the first spectrum. Assuming at least 3 exchange lifetimes occurred during this period of ∼8 min, we place a lower boundary on the exchange rate of this hydroxyl proton at 0.006 s -1 . In parallel, we estimate an upper limit on its exchange rate at ∼1 s -1 as this proton is in the regime of slow exchange with water on the chemical shift time scale, and the intensity of its NMR signal does not differ significantly between spectra recorded with and without solvent presaturation (36) . mechanism. According to standard formalism, the observed k ex ) P k int , where k int is the intrinsic exchange rate of an exposed histidine side chain in an unstructured polypeptide and P is a protection or slowing factor (26) . P is generally equated to an equilibrium constant for fluctuations between a "closed state" of the protein in which exchange cannot occur and an "open state" in which exchange proceeds at k int . Following this formalism, we propose the schemes for the acid-, base-, and water-catalyzed exchange of the histidine H 2 in BCX that are shown in Figure 4 .
DISCUSSION
At high pDs, fluctuations of the protein allow abstraction of His149 H 2 by an OD -to yield the imidazolate anion. Transfer of a deuteron from D 2 O completes the exchange process. The second-order rate constant for base-catalyzed exchange rate of free imidazole has been reported as 2.3 × 10 10 M -1 s -1 at 25°C (25) . This value is consistent with that predicted from the expression
where k D ∼ 10 10 M -1 s -1 is the second-order diffusion-limited rate constant and ∆pK a ) pK a(acceptor) -pK a(donor) for the proton-transfer reaction (26) . Given that the pK a of D 2 O ) 16.4 at 30°C (including explicitly the concentration of water as 55.6 M) and that of histidine is 14.4, it is reasonable to predict that the second-order rate constant for the base-catalyzed exchange of histidine in an unstructured polypeptide is similar to that of imidazole, namely, ∼10
10 M -1 s -1 (Figure 2a) . Hence, at basic pDs with k B ) 470 M -1 s -1 , we estimate that the protection factor for His149 H 2 in native BCX is approximately 10 7 . At low pDs, fluctuations of BCX lead to the exchange of the neutral imidazole ring of His149. However, for exchange to occur, a cycle such as deuteration of N δ1 , dissociation of H 2 , deuteration of N 2 , and finally dissociation of D δ1 is required (Figure 4) . Assuming that the first deuteration event is rate-limiting and that redistribution of the deuterons is fast (e.g., BCX cannot "refold" with a charged His149), we predict that k ex /[D + ] ∼ 10 10 M -1 s -1 . This rate constant follows from the assumption of a pK a of ∼6.5 for free histidine without distinguishing tautomeric forms and -1.7 for D 3 O + . The calculation also leads to an estimated protection factor of ∼10 8 for the acid-catalyzed exchange of His149, for which
. This value agrees well with the protection factor calculated for base-catalyzed exchange, given the approximations involved in estimating k int . A neutral histidine may also abstract a hydrogen directly from water. Assuming a pK a of ∼6.5 for histidine and 16.4 for D 2 O at 30°C, the expected rate constant for this pDindependent process is ∼10 2 s -1
. Comparison with the measured k w of 1.1 × 10 -5 s -1 for His149 also yields a protection factor of ∼10 7 . The observed pD min ∼ 7 for the hydrogen-to-deuterium exchange of His149 H 2 thus follows from the approximately equal second-order rate constants for the specific acid-and base-catalyzed exchange of the neutral histidine ring, combined with a protection factor that is, to first approximation, pH-independent.
It is instructive to compare the exchange behavior of His149 with that of an exposed imidazole or histidine side chain at acidic pHs. In contrast to the rather unique situation in which His149 is initially neutral in BCX (pK a < 2.3) and thus exhibits specific acid-catalyzed exchange, imidazole is protonated in solution at pHs less than its pK a of ∼6.5. In this situation, exchange is limited by the off rate of the nitrogen-bonded protons due to direct transfer to water. This leads to pH-independent exchange with a reported rate constant of ∼1500 s -1 at 13°C (Figure 2a; 24) . Due to this fast exchange, nitrogen-bonded protons are normally unobservable in the NMR spectra of an unprotected histidine side chain in water.
General base catalysis of His149 H 2 exchange is not expected to be significant due to the high pK a of imidazole versus that of a base such as acetate. However, it is somewhat surprising that general acid-catalyzed exchange was not observed with acetic acid (pK a 4.7), which should readily transfer a proton to a neutral histidine (pK a 6.5). For example, at pH 4.7, the predicted exchange rate of a neutral imidazole ring in the presence of 150 mM acetic acid is ∼7.5 × 10 8 s -1 , as compared to 2 × 10 5 s -1 due to H + alone. One possible explanation for the lack of such general acid catalysis is limited accessibility of the bulkier acetic acid to His149 in the "open" state compared to H + or OH -. This hypothesis remains to be tested by examining the effects of a series of potential general acid catalysts.
It is interesting to note that one of the candidates for the tyrosines with slowly exchanging hydroxyl protons is Tyr105, the ring of which contacts His149. Based upon an extrapolation of the exchange rates reported for N-acetyltyrosine methyl ester (34), the observed k ex ) 0.002 s -1 for the H η at 11.6 ppm also corresponds to a protection factor of ∼10 6 -10 7 . It is tempting to speculate that this hydroxyl is indeed from Tyr105 and that exchange proceeds via similar local fluctuations as experienced by His149. However, assignment of the peaks at 11.6 and 12.7 ppm is required to test this suggestion.
Energetics of His149 H 2 Exchange. When interpreted as an equilibrium constant between "closed" and "open" states, a protection factor of ∼10 7 corresponds to a free energy difference ∆G°) -RT ln P of ∼10 kcal mol -1 . Although substantial, this is likely less than ∆G o for the global, twostate unfolding of BCX at 30°C, thus indicating that the dominant mechanism of exchange for His149 H 2 involves more localized fluctuations of the protein. Two arguments support this statement. First, due to irreversible aggregation, the global stability of BCX has not been determined quantitatively. However, an apparent T m for thermal unfolding of ∼60°C (37), combined with a [urea] 1/2 ∼ 5.5 M at FIGURE 4: Postulated schemes for the base-, acid-, and water-catalyzed exchange of His149 H 2 in native BCX. Local fluctuations of the protein occur between a "closed state" in which exchange cannot occur and an "open state" in which exchange proceeds at k int . Specific OD --catalyzed exchange results from the abstraction of the H 2 to yield the imidazolate anion, followed by rapid transfer of a deuteron from the solvent. Water and specific D + -catalyzed exchange involves the deuteration of the neutral His149 side chain to yield an imidazolium cation, followed by a series of deuterium transfer steps to regenerate the N 2 D tautomer. pH 5.5 and 20°C (L.P.M., unpublished results), indicates that this protein is indeed stable under the conditions used for these hydrogen exchange measurements. Second, the apparent activation energies for specific acid-and basecatalyzed exchange are 7.0 and 17.4 kcal mol -1 , respectively. Consideration of the enthalpy of ionization of water, which leads to a temperature-dependent increase in [OD -] at a given measured pD, reduces the latter value to ∼3 kcal mol -1 . These activation energies are consistent with small-amplitude local fluctuations of the dynamic ensemble of native structures, allowing exchange to occur within the context of a folded protein. In contrast, they are significantly lower than those expected for exchange processes that are dependent upon the large-amplitude global unfolding of a protein (26, 38) .
Many of the earliest NMR studies of proteins in H 2 O solvents focused on "unusually downfield-shifted resonances" attributed to the nitrogen-bonded protons of histidines (39) . Examples include heme proteins (40) and serine proteases (41) (42) (43) , as well as ribonuclease A (44, 45) , carbonic anhydrase (46) , and superoxide dismutase (47) . However, in only a limited number of these cases have the hydrogen exchange kinetics of the histidine residues been investigated. Most notably, Stoesz et al. (47) described two histidines in superoxide dismutase with exchange lifetimes of ∼11 h at 37°C and pH 7.2, corresponding to protection factors (∼10 7 ) comparable to that of His149 in BCX. However, the activation energies for exchange were ∼30 kcal mol -1 . These value are larger than that observed in the present study but still less than expected for the global unfolding of the protein. and pH* 1-9, along with activation free energies of exchange near 12 kcal mol -1 . The steeper temperature dependence of histidine exchange in superoxide dismutase and hemoglobin relative to BCX and chymotrypsin may result from the metal ligation of the imidazole groups in the former two proteins.
Structural EnVironment and Water Interactions. Along with its own amino acid sequence, the conformation of a protein is also affected by water, both as a solvent to be excluded from its hydrophobic interior and as an integral component of its compact, folded structure. In general, proteins contain one or more internal or buried water molecules that provide otherwise missing hydrogen-bond partners and van der Waals contacts to main-chain and sidechain atoms surrounding "cavities" or "packing defects" (8) . Accordingly, a fundamental goal in biophysics is to understand the role played by these bound waters in establishing the structural, dynamic, and functional properties of proteins.
Inspection of the crystal structure of BCX reveals that His149 is entirely buried within the protein and is involved in an extensive network of hydrogen bonds and van der Waals and aromatic-aromatic interactions (Figure 1 ). An order parameter S 2 of 0.83, indicative of restricted internal mobility of the 15 N 2 -H bond vector on the picosecond to nanosecond time scale, is consistent with the highly packed environment of the imidazole side chain. The proximity of its H 2 to a buried water molecule and/or the hydroxyl of Ser100 is supported by a strong dipolar (NOE/ROE) interaction from an oxygen-bonded proton with the chemical shift of bulk water. Using these methods, we cannot unambiguously distinguish whether this NOE arises from a long-lived water (nanosecond to millisecond residence time) or a serine hydroxyl that is in fast exchange (τ ex less than milliseconds) with the pool of solvent molecules. However, two arguments support strongly the presence of a bound water, hydrogenbonded to His149 H 2 , in solution as well as in the crystalline state.
First, the rate constants for NOE and ROE transfers are given by the expressions (50) . In the simplest model of a rigidly bound water molecule (or sidechain hydroxyl), the spectral density function can be written as
2 ]. Using a global correlation time τ c of 9.2 ns for BCX and our measured values of k N and k R , we calculate a separation, r, of 2.2 or 2.5 Å between His149 H 2 and a single proton or two equidistant protons, respectively. Inclusion of possible internal motion of the water or hydroxyl would require an even shorter separation. Based on the crystal structure of BCX, His149 H 2 is ∼2.3 and 2.4 Å from the expected positions of the protons on the bound water and ∼3.2 Å from the hydroxyl proton of Ser100 (Figure 1) . Therefore, it is very likely that the internal water molecule is the dominant source of the NOE interaction with His149 H 2 , though a small contribution from Ser100 may also be present.
Second, whereas His149, Tyr105, and Ser130 are absolutely conserved in all family G xylanases, Asp101 may be substituted by Asn and Ser100 by Cys, Ala, and Val (using residue numbering corresponding to BCX; 3). Furthermore, the interaction between His149, Asp101, and Tyr105 and the bound water, as illustrated in Figure 1 for BCX, is also observed in the crystal structures of the related Trichoderma harzianum, Trichoderma reesei I and II, and Thermomyces lanuginosus xylanases (3, 5, (12) (13) (14) . However, in the latter protein, a disulfide bond exists to position 100, indicating that Ser100 is not absolutely required for binding of the water molecule. A thermally stable version of BCX with a similar disulfide bond to position 100 has also been characterized (4) . These patterns of sequence and structural conservation suggest strongly that a tightly bound water forms an integral part of the native fold of these xylanases and that this longlived water is indeed hydrogen-bonded to His149 in solution.
Although controversial (see refs 51 and 52), the equilibrium preference of a nitrogen or oxygen in a protein to bond to deuterium versus hydrogen relative to that exhibited by the oxygen of bulk water has been interpreted in terms of strong hydrogen-bonding interactions (23, (53) (54) (55) . Histidine protons involved in these so-called low-barrier hydrogen bonds (LBHBs) typically exhibit anomolously small fractionation factors (∼0.5) and strongly downfield-shifted NMR signals (∼18 ppm) (49) . To investigate the nature of the hydrogen bond between the bound water and His149, we measured the D/H fractionation factor of this side chain. The N 2 of His149 exhibits a small preference for hydrogen, with a D/H fractionation factor of 0.89 ( 0.02. Although the reference value for free histidine or imidazole has not been reported, that of the amide group is ∼1.2 (56). Therefore, hydrogen bonding of His149 N 2 to the bound water molecule may slightly reduce the D/H fractionation factor of this side chain. However, the fact that the chemical shift of His149 is 12.2 ppm rather than ∼18 ppm as seen for other histidines postulated to be involved in LBHBs (49, 54) , argues that this bond is not "unusually" strong. In addition, LBHBs described in the literature for histidines in proteins are intramolecular and not to buried water molecules.
The lifetimes of the protons on the bound water that is hydrogen-bonded to His149 in BCX are within the range of 10 -8 -10 -3 s. This range, typical of tightly bound waters in proteins (57, 58) , was determined by the observation of a strong negative NOE to the histidine side chain and chemical shifts equal to that of bulk solvent. Therefore, at neutral pH, these protons exchange with solvent ∼10 7 -10 13 fold faster than does His149 H 2 . Two possible mechanisms can be envisioned for exchange of water protons. In the first, transfer of protons to the bound water oxygen occurs "chemically" via specific acid and base catalysis, whereas in the second, exchange follows from the "physical" replacement of the entire water molecule by diffusion with an equivalent molecule from the solvent pool. We cannot distinguish these possibilities on the basis of the experiments reported in this study. However, 17 O and 2 H magnetic relaxation dispersion measurements have shown that the lifetimes of the four buried water molecules (including the oxygens) in BPTI fall within the range of 10 -8 -10 -4 s (59). By inference, this suggests strongly that the entire water molecule in BCX, and not just its protons, undergoes rapid exchange with the solvent on a nano-to millisecond time scale.
Following this argument, we conclude that the hydrogen bond between His149 H 2 and the buried water molecule must also be broken on a time scale of 10 -8 -10 -3 s to allow replacement of the latter with a solvent molecule. The 10 7 -fold protection from H-D exchange observed for His149 can be attributed to this interaction, provided the hydrogen bond re-forms with the exchanging water faster than k int for the imidazole proton (EX 2 regime; 26). However, it is likely that the hydrophobic environment of the histidine ring within the folded interior of BCX also contributes to the retarded exchange kinetics of His149 H 2 . Local fluctuations of the protein may be required to extensively expose the side chain of this residue to the solvent, allowing base-catalyzed deprotonation to yield a negatively charged imidazolate or acid-catalyzed protonation of both N 2 and N δ1 to produce the positively charged imidazolium group (Figure 4) . Because the pK a of His149 in native BCX is <2.3, local refolding will occur only after re-formation of the neutral imidazole ring. Given the relative time scales of these events, the fluctuations leading to the exposure of His149 are likely to be more extensive that those required to allow transfer of water molecules between the solvent and protein interior. It is interesting to note that a LBHB has been proposed to exist in the catalytic triad of chymotrypsinogen on the basis of a fractionation factor of ∼0.4 and a histidine chemical shift of 18.1 ppm (49) . However, an exchange protection factor of only 9.2 argues that a "strong" hydrogen bond alone does not prevent exchange of this histidine proton with the solvent.
In conclusion, His149 clearly plays an important structural role in BCX, as evidenced by its extremely low pK a and its evolutionary conservation. We have examined the dynamic properties of the side chain of this distinctive residue and its interaction with a buried water using experimental techniques that are sensitive to motions in three different time regimes. 15 N relaxation experiments show that its imidazole ring is held rigidly within the protein on a picoto nanosecond time scale. Although entirely buried, HX studies reveal that local fluctuations of BCX allow the H 2 of His149 to exchange with the solvent on the time scale of hours. This protection from exchange must result from the location of the histidine in the core of the protein and/or its involvement in a network of hydrogen bonds. However, NOE and chemical shift measurements demonstrate that the lifetime of the hydrogen-bonding internal water is on the order of 10 -8 -10 -3 s. This is indicative of small-scale fluctuations that allow its diffusion to the bulk solvent yet preclude the acid-and base-catalyzed exchange of the imidazole proton of His149. Together, these studies illustrate the range of dynamic behavior possible for a single side chain within the context of a folded protein molecule.
